Abstract: We present results of first-principles calculations of structural, magnetic, and electronic properties of small Fe clusters. It is shown that, while the lowest-energy isomers of Fe3 and Fe4 obtained in the framework of density functional theory within the generalized gradient approximation (GGA) are characterized by Jahn-Teller-like distortions away from the most regular shapes (which is in agreement with other works), these distortions are reduced when electron correlation effects are considered explicitly as within the GGA+U approach. At the same time, the magnetic moments of the clusters are enhanced with respect to the pure GGA case, resulting in maximal moments (in the sense of Hund's rules) of 4 µB per atom for the ground state structures of Fe3 and Fe4, and a total moment of 18 µB for Fe5. This already happens for moderate values of the Coulomb repulsion parameter U ∼ 2.0 eV and is explained by changes in the electronic structures of the clusters.
Introduction
Magnetic transition metal (TM) particles are an important ingredient in many state-of-the-art technological applications, ranging from catalysis to ultra-high density magnetic storage devices. In the latter case, miniaturization has already reached a point where particle sizes are so small that quantum effects start to play a role in determining their magnetic properties, which, in turn, show a pronounced size dependence. Therefore, a detailed understanding of the electronic structure of small TM clusters is not only very desirable from a fundamental point of view, but also inevitable if one wants to gain insight into the processes which govern particle formation necessary for the design of new materials with unique properties. One step towards this was taken a decade ago by Billas et al. who used a Stern-Gerlach type apparatus in combination with a time-of-flight mass spectrometer in order to measure magnetic moments of isolated TM clusters [1] . These experiments revealed that the magnetic moments of free Fe, Co, and Ni clusters are not just given by simple interpolations between the limiting values of the isolated atoms and the corresponding bulk materials, but rather change non-monotonically with cluster size in an oscillatory fashion. Unfortunately, resolution in cluster size (i.e., number of atoms) was only in the range of 10 %, and so a direct relation between cluster size and magnetic moment could not be established from these data.
In the following years, numerous experimental studies have been undertaken to investigate different properties of small TM clusters. But while such measurements are relatively easy to perform for clusters deposited on surfaces (whose properties, though, can change drastically upon deposition due to their interaction with the substrate), the opposite is true for isolated clusters. This difficulty can be assigned to their great reactivity and the associated problem to produce particles with a given, well-defined size in high concentrations. Therefore, it may not seem surprising that, from experimental side, still not much is known about geometries, morphologies, and even magnetic properties of small TM clusters. In the case of Fe clusters, which are the subject of the present work, the bond length has only been measured for the dimer [2] , and vibrational frequencies have been obtained for Fe 2 and Fe 3 [3] . While properties related to the electronic structure and energetics of the clusters have been obtained quite accurately [4, 5] , again only sparse information is available regarding their magnetic moments.
On the other hand, due to the rapid development of computational capacities it has become possible to calculate properties of small atomic clusters from first principles with a high degree of accuracy in quantitative agreement with experiment. Therefore, in the case of Fe clusters, most information about structural and magnetic properties stems from such ab initio simulations, mainly based on density functional theory (DFT) [6] . For an overview, we refer to [7, 8] and references therein. It soon became clear, that it is important to go beyond the local density approximation (LDA) and include gradient corrections (GGA) when calculating the exchange and correlation energy. It also became evident that, in order to find the lowest-energy isomers for a given cluster size, it is important to allow for free relaxation of the atoms without imposing symmetry constraints. The reason for this is the presence of degenerate electronic states in highly symmetric clusters originating from the interaction of the d-manifold, giving rise to the Jahn-Teller effect [9] , which in turn leads to distorted ground-state geometries with lower symmetry [10] . For Fe 5 , even a ground state characterized by a non-collinear magnetization density has been proposed [11] . But it could be shown that this is only a metastable state on the potential energy surface (PES) of the cluster, and that the energy can be lowered when the atoms are allowed to relax freely [12, 13] .
Resulting from these different computational schemes, proposed magnetic moments reach from 8 to 10 µ B for Fe 3 , 10 to 14 µ B for Fe 4 , and 14 to 18 µ B for Fe 5 , all related to different geometric arrangements of the atoms and different employed levels of theory [7, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Recently, two comprehensive investigations (in the framework of DFT) of the PES of Fe 3 and Fe 4 have revealed the true complexity of problem, yielding a high number of local minima close in energy [7] . In the case of the Fe trimer, at least 4 different states have been reported to be situated in a small energy range of less than 100 meV above the ground state. The situation is practically the same for Fe 4 , and therefore a definite assignment of the ground states has up to day neither been achieved for Fe 3 nor Fe 4 . Despite of this, the spin multiplicities were the same for all these low-lying states, giving rise to the assumption that the ground states of Fe 3 and Fe 4 have magnetic moments of 10 and 14 µ B , respectively. By similar considerations one is lead to the conclusion that the lowest-energy isomer of Fe 5 possesses a total moment of 16 µ B within DFT/GGA.
But even when all the aspects mentioned above are considered, a mayor drawback of current implementations of DFT remains in all these calculations: The well-known fact that, within conventional LDA (and also GGA), electron correlation due to intra-atomic Coulomb repulsion of localized d or f electrons is not described very well. Different methods have been proposed to overcome this limitation. Of these, the LDA + U method [21] , where a Hubbard-like term U is incorporated into the density functional, has been applied successfully to a variety of problems in strongly correlated systems where ordinary LDA gives qualitatively wrong results. A prominent example are Mott insulators like the 3d TM oxides. In contrast to DFT in the LDA, which predicts metallic behavior or band gaps which are sometimes one order of magnitude too small, the insulating nature with correct band gaps is recovered within the LDA + U approach. For example, for the case of an Fe-based system (antiferromagnetic α-Fe 2 O 3 ), we have shown that this method yields the correct high-pressure phase diagram [23] .
Due to this lack in conventional LDA/GGA, one may challenge some of the results achieved for Fe clusters within DFT up to day. Add to that, recent high-level quantum-chemical calculations on the Fe dimer have given some indication that magnetic moments of small Fe clusters are actually larger than the values given above [24] . In this letter, we discuss the influence of electronic correlation on geometric and magnetic properties of small Fe clusters, by explicitly investigating the effect of the size of the parameter U on various properties of selected clusters. In the following section, we give a brief account on the employed computational scheme. Subsequently, we discuss our results for Fe 3 , Fe 4 , and Fe 5 . We conclude by making a prediction concerning the properties of larger clusters and give an outlook for future work.
Computational method
In our search for the lowest-energy isomers of Fe 3 , Fe 4 , and Fe 5 , we only have considered triangular geometries for Fe 3 , and three-dimensional structures for Fe 4 and Fe 5 , respectively, as these were found to be energetically most favorable in previous calculations. For each given arrangement of atoms in the cluster, the total energy was calculated in the framework of DFT [6] in combination with the GGA for the description of exchange and correlation in a functional form proposed by Perdew and Wang [25] . A number of 8 valence electrons was taken into account for each Fe atom, the remaining core electrons together with the nuclei were described by following the projector augmented wave method [26] as implemented in the Vienna ab initio simulation package [27] . The electronic wavefunctions were expanded in a plane-wave basis set with an energy cutoff of 335 eV. The clusters were positioned in cubic supercells of 11Å length periodically repeated in space. The Brillouin zone integration was performed using the Γ-point only. We have allowed for a non-collinear magnetization density as described in [11] .
For the GGA + U calculations, we have adopted a version proposed by Dudarev et al. [22] . In this implementation, the total energy depends on the difference U − J:
where n mσ is the occupancy of the orbital with magnetic quantum number m and spin σ, and U and J represent the spherically averaged on-site Coulomb interaction and screened exchange integrals, respectively. It can be shown that within this formalism unoccupied d states are shifted towards higher energies by (U − J)/2, while the opposite is true for occupied d states. For a comprehensive discussion we refer to the literature [21, 22] . As the value of J was kept constant at J = 1 eV in our calculations, the case U = 1 eV corresponds here to the pure GGA limit, because in this case U − J = 0 eV. The structural relaxations were performed with the conjugate gradient method, without imposing any symmetry constraint. As initial structures, we have taken different lowest-energy states found in earlier calculations. The geometries were considered to be converged when all forces were smaller than 1 meV/Å. The distortions of the clusters are calculated with respect to a perfectly symmetric cluster with the same average bond length as explained in [12] . For the case of Fe 3 and Fe 4 , this simply reduces to the root-mean-square bond length fluctuation.
Results for Fe 3
The energetic relationships for the Fe 3 cluster as obtained with different values for the parameter U are shown in Fig. 1 . The spin multiplicities were varied from 9 to 13, yielding the differently Figure 1 : Relative total energy of the different isomers of the Fe 3 cluster as a function of the average bond length, symmetry, and magnetic state for different values of U . The curves were shifted so that E = 0 corresponds to the lowest-energy isomer found for a specific value of U . Open symbols refer to equilateral triangles, filled symbols denote energies of relaxed clusters.
colored curves. Open symbols correspond to equilateral triangular geometries with identical bond lengths (D 3h symmetry). For the relaxed clusters, whose energies are given by the filled symbols, the average interatomic distances were used for the Fe-Fe bond lengths. In the case of conventional GGA (U = 1.00 eV), we find that the lowest-energy states of Fe 3 possess magnetic moments of 10 µ B . When D 3h symmetry constraints are imposed, an energy minimum for an Fe-Fe bond length of 2.225Å is obtained. But this state is only metastable with respect to a Jahn-Teller distortion, as will be discussed below. When the atoms are allowed to relax freely, we find several states close in energy, of which the 11 A 1 state with one short and two longer bonds emerges as ground state. An
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A state with C s symmetry is located some 12 meV/atom higher in energy. A detailed discussion of the nature of these states (and also several others), including the influence of the employed GGA functionals, has been given elsewhere [7] and is beyond the scope of the present work. We only note that, although the individual bond lengths differ significantly from one isomer with 10 µ B to the next, the average interatomic distances are nearly the same (∼ 2.23Å).
In contrast to the case of M = 10 µ B , equilateral triangles with spin multiplicities of 9 and 13 are stable with respect to structural deformations. But while the 9 A 2 state is the ground state in LDA calculations [7, [10] [11] [15] [16] [17] [18] [19] , it lies much higher in energy when GGA functionals are used. As can be seen from Fig. 1 A 1 state with one long (2.39Å) and two short (2.26Å) bonds. In the former state, two electrons occupy majority spin orbitals, which are higher in energy than empty minority spin orbitals (see Fig. 2 ), and therefore it is not a ground state for this arrangement of atoms and is irrelevant within DFT. The latter may be identified as the one found previously [7] , but it does not play a role in the search for the lowest-energy isomer, as it is located well above in energy.
In spite of the different technical implementations, the results presented here are in very good agreement with those obtained in [7] . The small differences may be ascribed in part to our use of the PAW method compared to the all-electron calculations of the latter. Therefore, it may be worthwhile to investigate the effect of including the Fe 3p electrons to the valence electrons. However, first tests have already revealed that the results are qualitatively unchanged. On the other hand, we have used a plane-wave basis set, which is in the sense superior to localized orbitals that calculated quantities converge smoothly with the cutoff energy. We therefore assume that the major part of difference stems from the use of incomplete basis sets in [7] . When we increase the value of the Hubbard U parameter, we observe that the relative positions A are reversed, so that the latter becomes the lowest-energy isomer already for U = 1.50 eV.
When U is increased to 2.00 eV, the isomers with multiplicities of 11 and 13 are getting practically degenerate, with
A still being the ground state. For U = 2.50 eV, we finally encounter the 13 A 1 state, with a magnetic moment of 12 µ B and a distortion of 3.4 % , being lowest in energy. We have listed structural and magnetic properties of selected isomers of Fe 3 in Table 1 .
In order to gain some insight into the mechanisms responsible for the ordering of states, we take a closer look at the electronic structures of the different isomers, but not without bearing in mind that in principle there is no direct physical meaning associated with the calculated one-electron orbitals in DFT. In Fig. 2 we have depicted these energy levels for several isomers and different values of U . As a starting point for the discussion we take the perfect triangle with a moment of 10 µ B . We note that the highest occupied energy level is doubly degenerate, but occupied with only one electron. This immediately gives rise to a Jahn-Teller distortion leading to the 11 A 1 state, for which the degenerate levels split upon deformation of the cluster. Although the HOMO of Fe 3 in the
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A 2 is also twofold degenerate, there is no reason for a distortion due to the double occupation (promotion of one minority electron to the majority spin manifold). But because of the fact that two unoccupied minority 3d orbitals are lower in energy than the occupied majority 4s orbitals (violation of the aufbau principle), neither this state, nor the 13 A 1 state are ground states for this geometry and are in principle not accessible/relevant within DFT. But when the U parameter is increased, this situation changes. We observe, that occupied majority spin d states are shifted towards lower energies, while the empty minority spin d states are moved upwards. This leads to a state crossing at the Fermi energy for U ∼ 1.50 eV and to the fact that, from around U = 2.00 eV, the aufbau principle is fulfilled and the
A 1 is the ground state. As we saw above, it is even the global energy minimum of the Fe 3 cluster for U = 2.50 eV.
Results for Fe and Fe 5
The energetic relationships for the Fe 4 cluster are depicted in Fig. 2 . We again begin our discussion with the situation within conventional GGA. When tetrahedral symmetry constraints are imposed, the energy is minimal for a cluster with a magnetic moment of 12 µ B and interatomic distances of 2.276Å. This state has been found in previous studies. Ballone and Jones were the first to show that the energy can be lowered when symmetry is broken. They found a state with D 2d symmetry (butterfly structure) by molecular dynamics simulations. In our calculation, this isomer (filled circle) has 2 short and 4 longer bonds of 2.20 and 2.32Å, respectively. Although the lowest-energy isomer of Fe 4 (found within DFT/GGA) belongs to the same point group, it is characterized by a magnetic moment of 14 µ B , 2 long and 4 shorter bonds of 2.54 and 2.23Å. As in the case of Fe 3 , there are again several minima found within a small energy range, and for a more comprehensive discussion we refer to [7] .
When we increase the value for the Hubbard U , we first observe a similar effect as in the case of the Fe trimer. Low-moment states shifted to higher energies, and the isomers with a moment of 16 µ B are becoming favorable. But, while in the case of Fe 3 the overall situation had not yet changed for U = 1.50 eV, we here get already the high-moment state lowest in energy among all perfect tetrahedra. For a value of U = 2.00 eV, also the lowest-energy isomer of Fe 4 carries a moment of 16 µ B or 4 µ B per atom.
A further discussion of the different states will not be given here. Instead, we would like to finish our remarks by presenting a result for the Fe 5 cluster. It turns out that, while the ground state found within conventional DFT has a multiplicity of 17, this value is increased to 19 already for U = 1.50 eV. The associated distortion of the cluster is reduced from 4.6 to 3.0%. 
Figure 3: Total energy of the Fe 4 cluster as a function of cluster size, symmetry, and total magnetic moment for different values of U . The curves were shifted so that E = 0 corresponds to the lowestenergy isomer found for a specific value of U . Open symbols refer to perfect tetrahedral cluster, filled symbols denote energies of relaxed clusters.
Conclusion
We have shown that the order of states of small Fe clusters (namely, Fe 3 and Fe 4 ) changes drastically compared to conventional GGA when electronic correlation effects are considered explicitly. Total magnetic moments of the lowest-energy isomers are by 2 µ B higher, yielding values of 12 and 16 µ B for Fe 3 and Fe 4 , respectively. This was explained to be due to the shift of one-electron Kohn-Sham levels which depends on the magnitude of U . While the situation is not so clear for the trimer, where even for U = 2 eV no definite assignment of the ground state could be made, the lowestenergy isomer of Fe 4 was found to be a nearly perfect tetrahedron with a total moment of 16 µ B already for U = 2 eV. A similar behavior was encountered for Fe 5 . We expect this trend observed for the small clusters to continue as the number of atoms is increased, and therefore predict the calculated moments of larger Fe clusters to be higher (by at least 2 µ B ) when electron correlation is explicitly taken into account. In order to justify reasonable choices of U , we emphasize that it is inevitable to perform further investigations of other properties related to the electronic structure of these clusters, like ionization potentials, electron affinities, and binding energies, as these have been obtained in part to good accuracy in experiments.
